Isocitrate dehydrogenases (IDHs) catalyze the oxidative decarboxylation of isocitrate to a-ketoglutarate and reduce NAD (P) 1 to NAD(P)H. This process involves oxidation of isocitrate to oxalosuccinate, with NAD(P)H as the electron acceptor, followed by decarboxylation of oxalosuccinate to form a-ketoglutarate. Humans and other eukaryotes have both NAD 1 -and NADP 1 -dependent IDHs. NAD 1 -dependent IDH, or IDH3, is a multisubunit enzyme that is localized to the mitochondrial matrix and is classically thought to play a central role in aerobic energy production in the tricarboxylic acid (TCA) cycle. IDH1 and IDH2 are NADP 1 dependent, share considerable sequence similarity (70% identity in humans), and are unrelated to IDH3. Importantly, IDH1 and IDH2 catalyze reversible reactions and have no known allosteric modifiers, whereas the reaction catalyzed by IDH3 is irreversible and allosterically regulated by a variety of positive (calcium, ADP, and citrate) and negative (ATP, NADH, and NADPH) effectors (1). In this review, we use IDH to refer to both IDH1 and IDH2 but not IDH3.
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IDH1 is highly expressed in the mammalian liver and moderately expressed in other tissues (2) . It contains a C-terminal tripeptide peroxisome targeting signal 1 sequence (3) and localizes to varying extents to the cytoplasm and peroxisome of yeast and mammalian cells (4) (5) (6) . IDH2 contains an N-terminal mitochondrial signal peptide and localizes to the mitochondria (3). It is highly expressed in mammalian heart, muscle, and activated lymphocytes and moderately expressed elsewhere (2,7).
Structure and Mechanism of Regulation
Early studies of IDH structure were performed on bacterial homologs of human IDH (8) (9) (10) (11) (12) (13) . Ceccarelli et al. (14) solved the crystal structure of porcine IDH2. Xu et al. (15) reported the crystal structure of human IDH1. Bacterial homologs of IDH, as well as porcine IDH2 and human IDH1, function as homodimers (13) (14) (15) . Each homolog comprises a large domain, a clasp domain, and a small domain. In human IDH1, the large domain is made up of residues 1-103 and 286-414, the clasp encompasses residues 137-185, and the small domain consists of residues 104-136 and 186-285. IDH homodimers contain two asymmetric active sites, with each active site made up of a cleft formed by the large and small domains of one IDH1 molecule and the small domain of the other IDH1 molecule in the dimer. The active sites are exposed to solvent and are accessible to the substrate and cofactor. The clasp functions to hold the two subunits together to form this active site (15) . Human IDH1 transitions between an inactive open, an inactive semi-open, and a catalytically active closed conformation. In the inactive open conformation, Asp279 occupies the position where the isocitrate substrate normally forms hydrogen bonds with Ser94 ( Figure 1 ). This steric hindrance by Asp279 to isocitrate binding is relieved in the active closed conformation. Alterations at a Crossroads of Cellular Metabolism oxidative respiration. In yeast, IDH1 aids in the beta oxidation of polyunsaturated fatty acids within the peroxisome by providing NADPH, a cofactor for 2,4-dienoyl CoA reductase (30) . In higher eukaryotes, polyunsaturated fatty acid oxidation also occurs in mitochondria, and, because of this localization, likely uses NADPH supplied by IDH2. NADPH generated by IDH1 also contributes to the cellular defense against reactive oxygen species (ROS) generated during lipid oxidation and other processes (31) . In mammalian hepatocytes, IDH1 provides NADPH for peroxisomal fat and cholesterol synthesis, and its expression is regulated and activated by sterol regulatory element-binding proteins 1a and 2 (32) .
Roles in Normal Cellular
IDH1 plays a crucial role in cellular glucose sensing. In mammalian pancreatic islets, knockdown of IDH1 results in impairment of glucose-stimulated insulin secretion and an increase in lactate production (33) . In addition, knockdown or inhibition of the mitochondrial citrate/isocitrate carrier impairs glucose-stimulated insulin secretion and promotes glucose incorporation into fatty acids and glucose-induced increases in NADPH/NADP 1 (22) . Together, these results point to a central role for IDH1 in glucose sensing, and IDH1 has been proposed to function in a novel anaplerotic pyruvate cycle that mediates this process (22) . In this cycle, glucose-derived pyruvate enters the TCA cycle through pyruvate carboxylase, is converted to isocitrate, and exits the mitochondria via the citrate/isocitrate carrier. IDH1 converts this isocitrate to a-ketoglutarate, producing NADPH. a-Ketoglutarate and/or NADPH promote insulin secretion, possibly by modulating a-ketoglutarate hydroxylases or voltage-gated potassium channels, respectively; a-ketoglutarate may be cycled back to pyruvate through a pathway that remains to be elucidated. The role for IDH1 in cellular metabolism is evidenced by the phenotype of transgenic mice overexpressing IDH1, which exhibit fatty liver, hyperlipidemia, and obesity (34) . The IDH1 overexpression phenotype is especially consistent with overactive glucose-stimulated insulin secretion, as expected for an enzyme with a role in this pathway.
IDH2 plays a key role in TCA cycle regulation in multiple tissues. Analysis of families with retinitis pigmentosa has determined that some of these families are homozygous for a defective IDH3 subunit allele (23) . Because these individuals have no obvious pathology outside the retina, it has been proposed that IDH1 or IDH2, or both, may function to convert isocitrate to a-ketoglutarate for the TCA cycle in nonretinal tissues. In contrast to this idea, the IDH2 reaction has been shown to proceed in reverse in mammalian heart and liver, catalyzing the conversion of a-ketoglutarate and NADPH to isocitrate and NADP 1 (29) . A recent study in glioma cells supports this role for IDH2 by showing that small interfering RNA knockdown of IDH2, but not IDH3, results in lowered conversion of glutamine to citrate, a process that would require this reverse flux (35) . An isocitrate/a-ketoglutarate cycle has been proposed in which IDH2 proceeds in this reverse direction, and IDH3 converts isocitrate back to a-ketoglutarate. This cycle is completed by the transfer of electrons from NADH to NADPH by H 1 -transhydrogenase, which is driven by the proton electrochemical gradient of the inner mitochondrial membrane (Figure 2, B) . The isocitrate/a-ketoglutarate cycle dissipates this gradient, generating heat, which provides tight control of flux through the TCA cycle by the allosteric regulators of IDH3 (Ca 2+ , ADP/ATP, citrate, and NAD(P)H) and by the state of the inner mitochondrial membrane (28) . It is difficult to reconcile a reverse flux through IDH2 with the idea that IDH2 can rescue the forward flux of IDH3. Perhaps in retinitis pigmentosa, flux through IDH2 in tissues like the heart and liver is forced into the forward direction, but this unnatural metabolic state results in apparent pathology only in the retina.
The evidence points to a central role for the isocitrate to a-ketoglutarate reaction in the cell. At this crossroads, allosteric regulators of IDH3 and the mitochondrial membrane electrochemical gradient modulate overall TCA cycle flux; metabolites may exit the mitochondria and provide cellular machinery with information on glucose status; and metabolites may continue through the TCA cycle or cycle back to pyruvate through an anaplerotic pathway.
Response to Cellular Insults
In mammalian cells, IDH activity increases in response to a variety of oxidative insults, but activity of other TCA cycle enzymes, including a-ketoglutarate dehydrogenase and IDH3, decreases (36) , suggesting that these enzymes play a role in the cellular response to such insults, in addition to their roles in normal cellular metabolism. Both enzymes can produce NADPH, a reducing equivalent essential for the reduction of glutathione by glutathione reductase and for the activity of the thioredoxin system [for a review, see (37) ], both of which confer cellular protection against oxidative damage. Additionally, a-ketoglutarate serves as a potent antioxidant, and both IDH1 and IDH2 activity can modulate the availability of this compound, which can be exchanged for malate across the inner mitochondrial membrane. Although glucose-6-phosphate dehydrogenase is classically thought to provide NADPH for reductive processes in cells, the IDHs have increasingly been implicated as the major source for this reduced compound (17) . Because the inner mitochondrial membrane is impermeable to NADPH, IDH2 may serve as the source for this antioxidant to protect against mitochondrial-specific stressors, such as ROS produced by the respiratory electron transport chain. This process would require flux through IDH2 to proceed in the forward direction, which may occur in tissues other than the liver and heart, or generally under conditions of stress.
Park and colleagues (38) have confirmed the role of IDH1 and IDH2 as protectors against various insults. They have shown that IDH1 or IDH2 deficiency leads to increased lipid peroxidation, oxidative DNA damage, intracellular peroxide generation, and decreased survival after oxidant exposure and that overexpression of either IDH confers protection from these effects (38) . These Figure 2 . Functions of isocitrate dehydrogenase 1 (IDH1) and IDH2 in the normal cell. A) IDH1 and IDH2 catalyze the reversible conversion of isocitrate to a-ketoglutarate (a-KG) and NADP 1 to NADPH. IDH1 is located in the cytosol and the peroxisome (4-6). In the cytosol, IDH1 produces NADPH to contribute to the reduction of glutathione, the major cellular antioxidant (17) . In the peroxisome, NADPH contributes to cholesterol synthesis (18) . IDH1 has been shown to protect cells against gamma radiation (19) , singlet oxygen (20) , and UVB radiation (21) (light dashed line). IDH1 facilitates glucose-stimulated insulin secretion in pancreatic islets (22) (dashed arrows), which may be mediated by NADPH interactions with voltage-gated potassium channels or a-ketoglutarate interactions with a-ketoglutarate hydroxylases (data not shown). Conversion of a-ketoglutarate may be important for glia-specific glutamate and glutamine metabolism. IDH2 is located in the mitochondria and may function as the major catalyst of the isocitrate to a-ketoglutarate reaction in the tricarboxylic acid (TCA) cycle in some tissues (23) . IDH3 is also located in the mitochondria and catalyzes the irreversible conversion of isocitrate to a-ketoglutarate and NAD 1 to NADH. IDH2 has been shown to protect cells against gamma and ionizing radiation (19, 24) , high glucose (25), tumor necrosis factor-a (TNF-a) (26) , and heat shock (27) (28) . The transhydrogenase reaction is coupled to the transport of protons down their electrochemical potential gradient into the mitochondrial matrix (28) . This cycle has the net effect of dissipating the electrochemical potential gradient across the inner mitochondrial membrane and producing heat. IDH2 also reduces the net flux from isocitrate to a-ketoglutarate (28) . Because of this effect, allosteric modifiers of IDH3 (ATP, Ca 2+ , citrate, ATP, NADH, and NADPH) have a larger relative impact on net flux from isocitrate to a-ketoglutarate for the TCA cycle. DH = dehydrogenase; UVB = ultraviolet B.
findings suggest that IDH2 can modulate processes originally associated with IDH1 activity and does so via production of a-ketoglutarate in the mitochondria, followed by localization to the cytosol. Cellular IDH1 levels are associated with protection from apoptosis after exposure to ROS (39) or singlet oxygen species (20) and with protection from cell death following ultraviolet B-induced phototoxicity (21) . IDH2 protects against apoptosis following heat shock (27) , treatment with tumor necrosis factor-a (26), exposure to high glucose (25) , or exposure to ionizing radiation (24) . Both IDH1 and IDH2 have been shown to be induced by and to protect against gamma irradiation (19) . It has been reported that IDH1 and IDH2 activity varies according to age in several tissues from ad libitum-fed rats but not in tissues from diet-restricted rats (40) and that IDH1 expression decreases over time in the brains of aging mice (41) .
Although IDH1 and IDH2 play a crucial role in the defense against oxidative stress, they are inactivated by oxidation. Lipid peroxidation products (42) , singlet oxygen (43), hypochlorous acid (44), ROS (45) , nitric oxide (46) , and peroxynitrite (47) all inactivate the enzymes. This process is likely mediated by modifications including glutathionylation in the presence of high levels of oxidized glutathione (48) , S-nitrosylation in the presence of reactive nitrogen species (46, 49) , and nonenzymatic glycation in the presence of high glucose levels, as demonstrated in diabetic human and rat tissue (50) . It has been suggested that other antioxidant enzymes may protect the IDHs from oxidative inactivation and that cells respond to such inactivation with de novo IDH protein synthesis (51) .
Mutations in Human Cancer
IDH1 Arg132 mutations were discovered in a genome-wide mutation analysis of 22 human World Health Organization grade 4 glioblastomas (52) . Two genetically distinct classes of glioblastomas exist: primary glioblastomas, which arise de novo, and secondary glioblastomas, which progress from the less malignant grade 2 diffuse astrocytomas and grade 3 anaplastic astrocytomas. In addition, grade 2 well-differentiated oligodendrogliomas are gliomas that can progress to grade 3 anaplastic oligodendrogliomas, and the mixed grade 2 oligoastrocytomas can progress to grade 3 anaplastic oligoastrocytomas and grade 4 secondary glioblastomas [for a review, see (53)]. Subsequent analyses revealed that mutations in IDH1 Arg132 are in fact common (50%-94%) in grades 2 and 3 gliomas and secondary glioblastomas and also occur less frequently in primary glioblastomas and other cancers (Table 1 ). In addition, IDH1 Arg132 mutations have been identified in acute myeloid leukemia (AML), and rare cases have been reported in B-acute lymphoid leukemia, prostate cancer, and colorectal cancer (Table 1) . IDH1 mutations were identified in 7% of AML patients in one large study ( 
epidemiology and Association with Other Genetic Changes
IDH-mutated cancers are associated with younger age at diagnosis in most glioma tumor types (54-57) but not in AML (63) . However, they are rare in glioma patients aged 18 years or younger (58, 67, 68) . Glioma patients with IDH mutations survive longer than patients with wild-type IDH (52, 54, 56) , and multivariable analyses have shown IDH1 mutation status to be an independent positive prognostic factor for glioblastomas (59, 69) . Initial studies did not reveal a significant association between survival and IDH status in AML (35, 63, 65) . Studies including larger numbers of AML patients may identify any association between IDH status and clinical outcomes in this disease. Tumor protein p53 (TP53) mutations are common in grades 2 and 3 astrocytomas and in secondary glioblastomas. In some studies, IDH mutations have been found to associate with TP53 mutations (54, 56, 57) , although other studies did not find a statistically significant association (55, 59) . Biopsies taken at different times from astrocytoma patients demonstrate that IDH mutation occurs before TP53 mutation (57) . In addition, patients with germline TP53 mutations, which predispose to grade 2-4 astrocytomas, had tumors that contained somatic IDH1 R132C mutations (70) . Loss of chromosome arms 1p and 19q is commonly observed in oligodendroglial tumors and is frequently observed in IDH-mutated but not in IDH wild-type oligodendroglial tumors (54, 56) . IDH mutations are inversely associated with many of the hallmark genetic changes of primary glioblastomas, such as epidermal growth factor receptor amplification, cyclin-dependent kinase inhibitor 2A or 2B deletion, and phosphatase and tensin homolog mutations (54, 56) .
IDH mutations do not increase in frequency in the progression to higher-grade gliomas (Table 1 ) and occur before other genetic changes, leading to the suggestion that these mutations arise at some point in the transition from a normal cell to a clinically evident tumor (54) (55) (56) (57) 71) . This suggestion has led to refinement of the genetic model for the formation and progression of different glioma subtypes (56, 71) . Common genetic changes associated with different glioma subtypes and the hypothesis that grade 2 gliomas arise from an IDH-mutated population of cells are integrated into the model shown in Figure 3 .
Functional Properties of IDH Mutants
Arg132 of IDH1 is aligned with Arg172 of IDH2, and this arginine is conserved in all known homologs of IDH in other species (3). Uniquely, among all residues involved in isocitrate binding, Arg132 forms three hydrogen bonds with the a-and b-carboxyl of the isocitrate substrate (73) . Arg132, as well as Gln277, contact Asp279 in the transitional semi-open state of IDH1 (15) . Arg132 may therefore be important in the transition from the open state, in which Asp279 sterically hinders isocitrate binding by contacting Ser94, to the active closed state (Figure 1) . Consistent with the importance of Arg132 in this transition, the x-ray structure of IDH1 R132H appears to favor the closed state compared with the structure of IDH1 wt , indicating that alteration of Arg132 changes the equilibrium between the open and closed states (74) . Extrapolating from IDH1, one can expect Arg172 of IDH2 to also play a role in the transition between conformations of this enzyme (14, 15) . Notably, Arg140 of IDH2, which is mutated in AML, also forms hydrogen bonds with the b-carboxyl of the isocitrate substrate (35) . In addition, Arg140 is adjacent to Arg172 in the active site of IDH2 (35) , and these two residues may both function in the transition between the open and closed states of IDH2. Early research showed that purified rat IDH1 R132E is essentially inactive (75) . In another study, a porcine mutant analogous to human IDH2 R172Q displayed twofold reduced specific activity and a 100-fold increased K m for isocitrate (76) . Following their discovery in gliomas, the enzymatic activities, as measured by production of NADPH, of IDH1 R132H   , IDH1   R132S   ,  IDH1   R132C   , IDH1   R132G   , IDH2   R172G   , IDH2   R172K   , and IDH2 R172M were found to be greatly reduced compared with wild type in lysates of cells overexpressing these enzymes (54, 56 
Oncogenes or Tumor Suppressors?
Since the discovery of IDH mutations, their function in cancer has puzzled cancer geneticists. The inactivation of proteins that protect the cell is at first reminiscent of a tumor suppressor, such as TP53. However, no homozygous deletions or other inactivating alterations of IDH1 or IDH2 have been reported in cancer, as is observed for classical tumor suppressors. Furthermore, the heterozygous nature and specificity of the IDH mutations evokes activating "hotspots" in oncogenes, such as v-raf murine sarcoma viral oncogene homolog B1 (BRAF), v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS), and phosphoinositide-3-kinase, catalytic, alpha polypeptide (PIK3CA) and has led to the proposal that such mutations result in gain of function (52) . A gain of similar function for IDH1 and IDH2 would also help to explain why mutations in either gene appear to provide cancer cells with a similar selective advantage. For example, mutations could alter yet undescribed normal IDH interactions with other molecules in the cell, disrupt normal covalent modifications of the enzymes, or lead to depletion or replenishment of other compounds by acquisition of new enzymatic activity.
Dominant Negative Activity
One possible function of IDH mutations is dominant inhibition of the wild-type copy of the enzyme. Zhao et al. showed that IDH1 wt and IDH1 R132H can form a heterodimer that exhibits 4% of the activity of the IDH1 wt homodimer (69) . The wild-type homodimer displays a sigmoidal curve of cooperative binding to isocitrate, whereas the heterodimer exhibits a hyperbolic curve with a higher K m for isocitrate, indicating that the heterodimer loses both affinity and cooperativity for the substrate (69) . Although the purified wild-type:mutant heterodimer has reduced activity in vitro, the extent to which this heterodimer forms in vivo is unclear. To exert dominant negative activity in vivo, a substantial fraction of IDH1 molecules would need to exist as wt . Also, dominant negative activity may be harmful to cancer cells because knockdown of IDH1 or IDH2 slows the growth of glioma cells (35) . Given the protective role for IDH1 and IDH2 in the cell, the lack of other inactivating genetic alterations observed for IDH1 or IDH2 in cancer, and the lack of evidence that dominant negative activity occurs in vivo, it seems unlikely that dominant negative activity is a major function of the IDH mutations in cancer.
Neomorphic enzyme Activity
Recently, unbiased metabolite profiling revealed that expression of IDH1 R132H in glioma cells leads to production of 2-hydroxyglutarate (74) . Further study revealed that IDH1 Arg132 and IDH2 Arg172 mutants reduce a-ketoglutarate to d-2-hydroxyglutarate while converting NADPH to NADP 1 (35, 65, 74) . In addition, cancer tissue samples containing IDH1 Arg132, IDH2 Arg140, or IDH2 Arg172 mutations have more than 100-fold higher concentrations of this metabolite than cancers with wild-type copies of these genes (35, 65, 74) . Mutation of IDH1 Arg132 appears to favor the active closed state of the enzyme, increasing its affinity for NADPH, which may promote reduction of a-ketoglutarate to d-2-hydroxyglutarate under low concentrations of NADPH (74) . The mutation also results in reorganization of the enzyme active site in a way that apparently favors reduction of a-ketoglutarate to d-2-hydroxyglutarate rather than oxidative decarboxylation of isocitrate to a-ketoglutarate or the reverse reductive carboxylation of a-ketoglutarate to isocitrate (74) . Figure 3 . Common genetic alterations in glioma tumorigenesis and progression. Grade 2 gliomas include well-differentiated oligodendrogliomas (O), oligoastrocytomas (OA), and diffuse astrocytomas (A) (72) . All three types of tumors undergo two sequential genetic alterations for tumorigenesis: first, a mutation in isocitrate dehydrogenase 1 (IDH1) or IDH2, and second, homozygous deletion of chromosome arms 1p and 19q or tumor protein p53 (TP53) mutation. The IDH mutation event occurs at some point in the transformation from the glioma cell of origin to a glioma cell. The second genetic event contributes to the histopathological and clinical phenotype of the resulting tumor. For example, oligodendrogliomas usually contain 1p and 19q loss, whereas astrocytomas have TP53 mutations. The oligoastrocytomas can contain either genetic alteration. Grade 2 tumors can progress to grade 3 anaplastic oligodendrogliomas (AO), anaplastic oligoastrocytomas (AOA), and anaplastic astrocytomas (AA), as well as to grade 4 secondary glioblastomas (sGBM) and secondary glioblastomas with oligodendroglial component (sGBMO) (72) . Grade 1 pilocytic astrocytomas (PA) and grade 4 primary GBMs (prGBM) arise de novo (72), do not frequently contain IDH mutations, and contain other alterations that are rare in the IDH mutation--containing tumors (54) . It is not known whether these tumors arise from the same cell type. CDKN2A and 2B = cyclin-dependent kinase inhibitor 2A and 2B; EGFR = epidermal growth factor receptor; HD = homozygous deletion; PTEN = phosphatase and tensin homolog; WHO = World Health Organization.
The fact that neomorphic enzyme activity is a shared feature of the IDH1 and IDH2 mutations points to the importance of this activity in cancer, which has led to speculation that d-2-hydroxyglutarate acts as an oncometabolite (74) . Individuals with l-2-hydroxyglutaric aciduria, a genetic metabolic defect leading to accumulation of l-2-hydroxyglutarate, the opposite enantiomer of d-2-hydroxyglutarate, appear to have a higher risk of developing malignant brain tumors (77) . However, patients with d-2-hydroxyglutaric aciduria, in which d-2-hydroxyglutarate accumulates because of a genetic defect (78) , are not known to have an increased risk for developing brain tumors. Although d-and l-2-hydroxyglutarate are mirror images of each other, they may have quite different biological functions because patients with d-and l-2-hydroxyglutaric aciduria have distinct clinical symptoms and because different enzymes function on each enantiomer (78, 79) . It is also important to consider that this neomorphic enzyme activity may alter flux through a-ketoglutarate, NADP 1 , or NADPH in ways that benefit cancer cells (80) .
Aberrant Glucose Sensing
What might a change in IDH activity achieve for cancer cells? A possible selective advantage for cancer cells could stem from the role of IDH1 in glucose sensing. IDH1 has been shown to participate in a glucose-sensing pathway in pancreatic islets (33) and may communicate the presence of high glucose to downstream members of this pathway by raising NADPH levels. A similar pathway may be intact in other tissue types. Rather than stimulating insulin secretion, as in islet cells, this pathway may regulate nutrient satiety or cellular differentiation based on nutrient availability in other cell types. For example, cells that detect high levels of glucose would signal, via high NADPH levels, to stop taking up high levels of nutrients or to differentiate. IDH1 and IDH2 mutants consume NADPH as they convert a-ketoglutarate to 2-hydroxyglutarate (35, 65, 74) , and IDH1-mutated tissues have lower NADP 1 -dependent IDH activity (81) . In cells with IDH1 mutations, this may lead to low cytosolic NADPH levels, which would aberrantly signal a low nutrient status to downstream players in the glucosesensing pathway. The cell may then compensate for perceived low nutrient status by increasing cellular nutrient consumption or by blocking cellular differentiation. Increased nutrient consumption is a hallmark of cancer and may give cancer cells a selective growth advantage. Both glioma and AML cells have been characterized as relatively undifferentiated (35) , and blocking differentiation may benefit cancer cells by allowing them to continue to self-renew and accumulate advantageous genetic alterations. However, whether a glucose-sensing pathway involving IDH1 and NADPH functions in the cell lineages that give rise to gliomas and AMLs, which downstream players function in this pathway, and what effect IDH mutations have on cellular NADPH levels have yet to be elucidated. Moreover, the inner mitochondrial membrane is impermeable to NADPH, and it is unknown whether a putative depletion of NADPH in the mitochondria by IDH2 mutants would lead to depletion of cytosolic NADPH.
Hypoxia Signal Transduction
Overexpression of IDH1 R132H in mammalian cells increases the stability of hypoxia-inducible factor 1a (HIF-1a, Figure 4 ) (73) . HIF-1a is a transcription factor with targets that modulate apoptosis, cell survival, and angiogenesis, and its increased expression has been implicated in other cancer types with frequent loss-offunction mutations in TCA cycle enzymes [for a review, see (82) ]. One proposed mechanism for IDH mutant-mediated stabilization of HIF-1a is by inhibition of prolyl hydroxylases. Prolyl hydroxylases use a-ketoglutarate as a substrate for a reaction that normally targets HIF-1a for degradation. IDH mutants could lead to lower cellular a-ketoglutarate levels by consuming this compound, which may lead to prolyl hydroxylase inactivation. Alternatively, 2-hydroxyglutarate produced by IDH mutants has been thought to competitively inhibit prolyl hydroxylases by occupying the a-ketoglutarate-binding site on these enzymes (Figure 4 ) (83). However, grades 2 and 3 gliomas do not demonstrate angiogenesis, as would be expected for tumors that activate this hypoxia signaling Figure 4 . Model for activation of hypoxia-inducible factor 1 (HIF-1) by isocitrate dehydrogenase 1 (IDH1) mutations. HIF-1a is hydroxylated by HIF prolyl hydroxylase (PHD), which targets HIF-1a for ubiquitylation by von Hippel Lindau protein (vHL) and subsequent proteasomal degradation. PHDs require O 2 and a-ketoglutarate (a-KG) as substrates (82) . When stabilized, HIF-1a dimerizes with HIF-1b and activates transcription of targets such as solute carrier family 2 member 1 (SLC2A1) and vascular endothelial growth factor (VEGF) (82) . IDH1
wt converts isocitrate to a-ketoglutarate, and IDH1
R132H converts a-ketoglutarate to 2-hydroxyglutarate. By consuming a-ketoglutarate, IDH1
R132H may lower the availability of this substrate, which would decrease PHD activity and lead to HIF-1a stabilization. Also, based on its structural similarity to a-ketoglutarate, 2-hydroxyglutarate has been hypothesized to competitively inhibit PHD activity by occupying PHD a-ketoglutarate binding sites (83) . Ub = ubiquitin.
pathway (82) . Finally, increased expression of HIF-1 target genes is not found in AMLs (63) , which calls into question the idea that HIF-1a stabilization is a major function of the IDH mutations.
Mutagenic Program
IDH1 and IDH2 mutations could also contribute to tumorigenesis and cancer progression through increased mutagenesis (56) . Loss of a wild-type IDH1 or IDH2 allele, combined with a new enzyme activity that consumes NADPH and a-ketoglutarate, could lead to depletion of these two compounds that normally help to defend the cell against oxidative stress. Unchecked oxidative stress could lead to mutagenesis as ROS interact with the genome. Alternatively, 2-hydroxyglutarate itself may act as a mutagen through an as-yet unknown mechanism. Grades 2 and 3 astrocytomas and secondary glioblastomas frequently contain IDH mutations and later develop missense mutations in TP53 and other genes (52, 54, 55, (57) (58) (59) , supporting the idea that early IDH mutations could promote later advantageous mutations that underlie the formation and progression of these cancers.
Future Directions
The functional significance of IDH mutations in human cancer remains, to a large extent, a mystery. IDH mutations generally associate with specific gene expression signatures (84) , and determination of the gene expression environment in mutated and nonmutated tumors of specific tumor types may provide insight into the mechanism of IDH-mutated gliomagenesis. Such studies may clarify the functional role of the mutations and possibly offer information to help guide glioma management in the clinic. Determining whether IDH status is an independent prognostic factor for any of the tumor types that contain these mutations may guide clinical management of a lethal group of cancers. One study has already taken advantage of the remarkable sensitivity and specificity of IDH1 mutations for diffuse astrocytomas to distinguish these lesions from pilocytic astrocytomas, which do not frequently contain IDH1 mutations (85) . This could be useful in cases for which scant material is available for histopathological analysis. Analysis of 2-hydroxyglutarate levels may also simplify the diagnosis and management of glioma and AML patients, especially if this compound is also elevated in cerebrospinal fluid, serum, or urine of patients (80) . Furthermore, the IDHs operate at a metabolic crossroads. It will be crucial to understand whether and how IDH mutations alter tumor cell metabolic profiles, lipid biosynthesis, the defense against oxidative stress, oxidative respiration, and hypoxia signal transduction in cancer.
Long-term research will require the use of mammalian tissue and model organisms and may uncover the basis for tumor-type specificity of IDH mutations and the specific timing of mutation acquisition during the progression from a cell of origin to a cancer cell. As prevalent and specific alterations, IDH mutants are possible targets for molecular therapies. Given the tumor specificity of metabolic enzyme mutations and the striking difference between the cellular metabolism of cancer and normal cells, metabolic enzymes may prove to be fruitful targets for anticancer therapies (86) . In addition, a clear understanding of the mechanism of IDH-mutated carcinogenesis may reveal exciting new targets for cancer treatment.
